Introduction {#sec1-1}
============

Combination of different analgesics is a common practice and this strategy is aimed to achieving one or more therapeutic goals such as facilitating patient compliance, simplifying prescription, improving efficacy without increasing adverse effects, or decreasing adverse effects without loss of efficacy.\[[@ref1]\] In Ghana, a lot of combination drugs (analgesics) are in use to manage pain and these include EFPAC (aspirin 150 mg, paracetamol 250 mg, caffeine 30 mg), Kwik Action (paracetamol 500 mg, ephedrine HCl 10 mg, caffeine 30 mg), Gebedol forte (paracetamol 500 mg, diclofenac 50 mg, chlorzoxazone 250 mg), and Inflnil (diclofenac 50 mg, paracetamol 650 mg). An inappropriate combination of the constituents of a combination product may lead to antagonism or simple additive effect. Therefore, the strategic combination of the constituents is needed in order to achieve synergism. The isobolographic analysis provides a means of assessing whether biological responses induced by mixtures of agents are greater, equal, or smaller than would have been expected on the basis of the individual activities of the components.\[[@ref1]\] The concept of dose additivity, antagonism or supra-additivity aimed at developing new pain relief strategies, that involve the combination of different analgesics that target both central and peripheral pain pathways and also produces greater analgesia at reduced and more tolerable doses of individual drugs, have become important in disease treatment and synergism when observed in isobolographic analysis may also provide information on mechanism of drug action.\[[@ref2]\] The principle of independent joint action (the two drugs should produce overtly similar effects through different mechanism) is used as a guide for selection of drugs for isobolographic analysis and the realization of additivity indicates that the same pathway may be activated by the constituents of the combination.\[[@ref3]\]

To date there is no single safe and effective analgesic for the treatment of pain although some of the reasons for this is attributable to inappropriate or insufficient use of existing therapies\[[@ref4][@ref5][@ref6]\] and there is, therefore, the likelihood that there would be co-administration of xylopic acid (XA) and other drugs such as nonsteroidal anti-inflammatory drugs (NSAIDs) and opioids in the management of pain traditionally. This may lead to potentiation or antagonism of the combination. Commonly used analgesics, opioids, and NSAIDs, come with severe side effects. Opioids (e.g., morphine), though widely used and are effective in the treatment of many pain syndromes, they produce considerable adverse effects, including constipation, sedation, respiratory depression, and nausea. Furthermore, on long-term administration, they can lose their efficacy through the development of tolerance -- necessitating the use of very high doses of the drug in these cases. A further important issue is that some chronic pain states, such as neuropathic pain, are not effectively treatable with opiates.\[[@ref7]\] NSAIDs are mainstays in acute and chronic pain management, and their beneficial actions have been linked to their ability to inhibit cyclooxygenases: Constitutive COX-1 and inducible COX-2 among others.\[[@ref8][@ref9]\] Long-term uses of the NSAIDs come with gastric ulceration which limits their usefulness.\[[@ref3]\] XA (15α-hydroxy-ent-kaur-16-en-19-oic acid) \[[Figure 1](#F1){ref-type="fig"}\] belongs to a diterpenoid class of compounds. It has analgesic activity\[[@ref10][@ref11][@ref12]\] and has been reported to be relatively safer in brine shrimp exhibiting a low toxicity with LC~50~ of 0.5 ng/ml.\[[@ref13]\] In the light of the above, it is evident that alternative strategies based on drug combinations need to be considered in order to solve the drawbacks of opioids and NSAIDs, especially with agents with low toxicity profile such as XA. This study, therefore, evaluated the pharmacologic interaction between XA co-administered with diclofenac or morphine in animal models.

![Chemical structure of 15β-acetoxy-(-)-kaur-16-en-19-oic acid (xylopic acid)](JBCP-6-103-g001){#F1}

Materials and Methods {#sec1-2}
=====================

Collection of plant materials, preparation of the ethanol extract of *Xylopia aethiopica*, and isolation and purification of xylopic acid (15β-acetoxy-(-)-kaur-16-en-19-oic acid) {#sec2-1}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Dried fruits of *Xylopia aethiopica* were collected from the Botanical Gardens (06°41'6.39 "N; 01°33'45.35"W) of Kwame Nkrumah University of Science and Technology (KNUST), Kumasi, Ghana between the months of August and December, 2008. The dried fruits were authenticated by Dr. Kofi Annan of the Department of Herbal Medicine, Faculty of Pharmacy and Pharmaceutical Sciences, College of Health Sciences, KNUST. A voucher specimen (No. FP/09/77) has been deposited at the herbarium of the faculty.

The preparation of the ethanol extract of *X. aethiopica* and isolation and purification of XA (15β-acetoxy-(-)-kaur-16-en-19-oic acid) was as previously described.\[[@ref12][@ref14]\]

Animals {#sec2-2}
-------

ICR mice (both sexes, 20--25 g) were purchased from Noguchi Memorial Institute for Medical Research, University of Ghana, Legon, Ghana and kept in the animal facility of the Department of Pharmacology, KNUST. The animals were housed in groups of six in stainless steel cages (34 cm × 47 cm × 18 cm) with soft wood shavings as bedding and maintained under laboratory conditions (temperature 24--25°C, relative humidity 60--70%, 12 h light-dark cycle). Animals were fed with normal commercial pellet diet (GAFCO, Tema) and given water *ad libitum*. All procedures and techniques used in these studies were in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals (NIH, Department of Health and Human Services publication no. 85--23, 1985, revised, 1996). All protocols used were approved by the Departmental Ethics Committee.

Drugs and chemicals {#sec2-3}
-------------------

The following drugs and chemicals were used: Diclofenac sodium (Troge Medical GmbH, Hamburg, and Germany); morphine hydrochloride (Phyto-Riker, Accra, Ghana); formalin, acetic acid (BDH, Poole, England).

Acetic acid-induced writhing test {#sec2-4}
---------------------------------

The test was carried out as described earlier.\[[@ref12][@ref15]\] Separate groups of mice received vehicle (10 ml/kg of 0.9% NaCl, i.p.), XA (10--100 mg/kg, p.o.) or diclofenac (1--10 mg/kg, i.p.) 60 min (p.o.) or 30 min (i.p.) before intraperitoneal administration of acetic acid (0.6%, 10 ml/kg). Writhing responses were scored for 30 min, starting immediately after acetic acid administration. A nociceptive score was determined for each 5-min time block by multiplying the frequency and duration of writhes.

Formalin-induced nociception {#sec2-5}
----------------------------

The formalin test was carried out as described previously.\[[@ref12][@ref16]\] Each animal was assigned and acclimatized to one of 20 formalin test chambers (a perspex chamber 15 cm × 15 cm × 15 cm) for 30 min before formalin injection. Male mice were then pretreated with vehicle (10 ml/kg of 0.9% NaCl, i.p), XA (10--100 mg/kg, p.o.) or morphine (1--10 mg/kg, i.p.) 60 min (p.o.) or 30 min (i.p.) before intraplantar injection of 10 μl of 5% formalin. The pain response was scored for 1 h, starting immediately after formalin injection. A nociceptive score was determined for each 5-min time block by measuring the amount of time spent biting/licking of the injected paw. The average nociceptive score for each time block was calculated by multiplying the frequency and time spent in biting/licking. Data were expressed as the mean ± standard error of mean (SEM) of scores between 0 and 10 min (first phase) and 10--60 min (second phase) after formalin injection.

Isobolographic analysis of xylopic acid/morphine and xylopic acid/diclofenac combinations {#sec2-6}
-----------------------------------------------------------------------------------------

Dose-response curves for the administration of XA, morphine and diclofenac were obtained using eight animals (*n* = 8) at each of the dose levels. A least-square linear regression analysis of the log dose-response curve allowed the calculation of the doses that produced 50% of antinociception when each drug was administered alone. ED~50~ values were used in the formalin and acetic acid-induced writhing tests, as the equieffective doses, for isobolographic analysis. Then dose-response curves were also obtained and analyzed after the co-administration of XA with morphine or with diclofenac in fixed ratio (1:1) combinations based on the following fractions 1/2, 1/4, and 1/8 of their respective ED~50~ for both formalin and writhing tests.\[[@ref1][@ref17]\]

Isobologram (a cartesian plot of pairs of doses that, in combination, yield a specified level of effect) was then built by connecting the theoretical ED~50~ of morphine or diclofenac plotted on the abscissa and XA plotted on the ordinate to obtain the additivity line. For each drug mixture, the ED~50~ (experimental) and its associated 95% confidence intervals were determined by linear regressional analysis of the log dose-response curve (and compared by a *t*-test to a theoretical additive ED~50~) obtained from the formula:\[[@ref1]\]

*Z*~add~ = *f* (ED~50~) of morphine + (1−*f*) ED~50~ of xylopic acid

Where *f* is the fraction of the each component in the mixture.

The variance (Var) of *Z*~add~ was calculated as:

Var *Z*~add~ = *f*^2^ (Var ED~50~ of morphine) + (1−*f*)^2^ Var ED~50~ of xylopic acid.

From these variances, SEM\'s were calculated and resolved according to the ratio of the individual drugs in the combination. A supra-additive or synergistic effect is defined as the effect of a drug combination that is, higher and statistically different (ED~50~ significantly lower) than the theoretically calculated equieffect of a drug combination in the same proportion. If the ED~50~\'s are not statistically different, the effect of the combination is additive, and additivity means that each constituent contributes with its own potency to the total effect. The degree of interaction was calculated using fractional analysis by dividing the experimental ED~50~ (*Z*~mix~) by the theoretical ED~50~ (*Z*~add~). A value close to 1 was considered as additive interaction. Values lower than 1 are an indication of the magnitude of supra-additive or synergistic interactions (*Z*~mix~/*Z*~add~ \<1), and values higher than 1 correspond to sub-additive or antagonistic interactions.\[[@ref1][@ref3]\]

Statistical analysis {#sec2-7}
--------------------

In the formalin and acetic acid tests, data are presented as mean ± SEM (*n* = 8). The time-course curves were subjected to two-way (treatment × time) repeated measures analysis of variance (ANOVA) with Bonferroni\'s *post*-*hoc* test. Total nociceptive score for each treatment was calculated in the arbitrary unit as the area under the curve (AUC). Analysis of differences in AUCs was carried out by one-way ANOVA (followed by Newman--Keuls *post*-*hoc* test) with drug treatment as a between-subjects factor. ED~50~ values (doses for 50% of the maximal effect) for each drug were determined by nonlinear regressional analysis (iterative computer least-squares method). The fitted midpoints (ED~50~s) of the curves were compared statistically using *F* test.\[[@ref18][@ref19]\] GraphPad Prism for Windows version 5 (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses and ED~50~ determinations. *P* \< 0.05 were considered statistically significant.

Isobolographic calculations were performed with the program PharmTools Pro, version 1.27 (The McCary Group Inc., Elkins Park, PA, USA). Results are presented as mean ± SEM or as ED~50~ values with 95% confidence limits. The statistical analysis of the isobolograms was performed according to the Tallarida\[[@ref20]\] and the statistical difference between experimental and theoretical values was assessed by the Student\'s *t*-test for independent means, and the *P* \< 0.05 were considered significant.

Results {#sec1-3}
=======

Formalin-induced licking test {#sec2-8}
-----------------------------

XA and morphine inhibited both neurogenic and inflammatory pain in the formalin test. XA was more potent in the inflammatory phase of the formalin test compared to the neurogenic phase. Morphine was less potent in the neurogenic phase than the inflammatory phase. Morphine was 90.4 and 19025 times more potent than XA in the first and second phases respectively \[[Table 1](#T1){ref-type="table"}\].

###### 

ED~50~ values of morphine and xylopic acid in both phases of the formalin test

![](JBCP-6-103-g002)

Isobologram of xylopic acid and morphine combination {#sec2-9}
----------------------------------------------------

The experimental ED~50~ (*Z*~mix~) obtained by nonlinear regression analysis for phase 1 \[[Figure 2a](#F2){ref-type="fig"}\] was 2.58 ± 0.49 mg/kg and 2.31 ± 0.81 mg/kg for phase 2 \[[Figure 2b](#F2){ref-type="fig"}\] both indicating potentiation of the antinociceptive effect of the two drugs.

![Dose-response curves for xylopic acid and morphine and fractions of their combination for (a) phase 1 and (b) phase 2 of the formalin-induced licking test respectively. Isobologram for the combination of morphine and xylopic acid in (c) phase 1 and in (d) phase 2 of formalin test in mice. Filled circles (•) are the theoretical ED~50~\'s ± standard error of mean and open circles (o), the experimental ED~50~\'s ± standard error of mean](JBCP-6-103-g003){#F2}

The degree of potentiation calculated as the interaction index by fractional analysis indicated synergism for phase 1 \[[Figure 2c](#F2){ref-type="fig"}\] and phase 2 \[[Figure 2d](#F2){ref-type="fig"}\]. Isobologram consisting of morphine and XA with theoretical additive ED~50~ (*Z*~add~) was computed as 6.86 ± 2.24 mg/kg for phase 1 \[[Figure 2c](#F2){ref-type="fig"}\] and 3.81 ± 2.5 mg/kg for phase 2 \[[Figure 2d](#F2){ref-type="fig"} and [Table 2](#T2){ref-type="table"}\].

###### 

Theoretical and experimental ED~50~ values of morphine and xylopic acid in both phases of the formalin test with their computed interaction indices

![](JBCP-6-103-g004)

Acetic acid-induced w test {#sec2-10}
--------------------------

XA and diclofenac inhibited visceral pain in the acetic acid-induced writhing test during the 30 min observational period. XA (10--100 mg/kg, p.o., 60 min before) reduced the writhings induced by the acetic acid in a dose-dependent manner with an ED~50~ of 12.94 ± 1.24 mg/kg. Diclofenac (1--10 mg/kg, i. p., 30 min before) also dose-dependently reduced the total number of writhes with an ED~50~ of 1.46 ± 0.27 mg/kg \[[Table 3](#T3){ref-type="table"}\].

###### 

ED~50~ values of diclofenac and xylopic acid in the acetic acid-induced writhing test

![](JBCP-6-103-g005)

Isobologram of xylopic acid and diclofenac combination {#sec2-11}
------------------------------------------------------

The experimental ED~50~ obtained after administration of XA and diclofenac and in a fixed ratio of their combination in the acetic acid-induced writhing test was 1.944 ± 0.97 \[[Figure 3a](#F3){ref-type="fig"}\]. The degree of potentiation calculated as the interaction index by fractional analysis indicated synergism for the combination and graphically displayed as *Z*~mix~\'s lying below the line of additivity \[[Figure 3b](#F3){ref-type="fig"}\] of the isobologram. The theoretical additive ED~50~ (*Z*~add~) was computed as 7.201 ± 0.403 mg/kg \[[Table 4](#T4){ref-type="table"}\].

![(a) Dose-response curve for xylopic acid, diclofenac and fractions of their combination in the acetic acid-induced writhing test and (b) isobologram for the combination of diclofenac and xylopic acid. Filled circles (•) are the theoretical ED~50~\'s ± standard error of mean and open circles (o), the experimental ED~50~\'s ± standard error of mean](JBCP-6-103-g006){#F3}

###### 

Theoretical and experimental ED~50~±SEM of xylopic acid in the acetic acid-induced writhing test and their computed interaction indices

![](JBCP-6-103-g007)

Discussion {#sec1-4}
==========

Administration of XA/morphine and XA/diclofenac combinations produced antinociceptive effects in the formalin and acetic acid-induced writhing tests which were greater than would be achieved for the administration of the individual drugs alone. The formalin test is one of the most predictive of acute pain and a valid model of clinical pain.\[[@ref21][@ref22]\] The formalin test produces two distinct phases of nociceptive response. The first phase (neurogenic phase) of paw licking/biting response is considered to be a result of the direct stimulation of C-fibre nociceptors by the injected formalin. The second phase (inflammatory phase), which appears later, is considered to be due to the combination of an inflammatory reaction in the peripheral tissue and changes in central processing.\[[@ref23]\] Drugs that act primarily as central analgesics (e.g., opioids) inhibit both phases, whereas peripherally acting drugs (e.g., most NSAIDs and corticosteroids) inhibit only the second phase.\[[@ref22][@ref24]\] Inhibition of the late phase is due to inhibition of inflammatory mediators such as serotonin, histamine, bradykinin, and prostaglandins, which at least to some degree, can cause sensitization of the central nociceptive neurons.\[[@ref25]\] XA and morphine co-administration produced a synergistic antinociceptive effect in both phases of the formalin test. Based on the principle of independent joint action, co-administration of XA and morphine activated different pathways to produce synergistic effects in both phases of the formalin test since additivity would at best be realized if only a single pathway was activated. It has previously been reported that XA inhibited pain in the formalin test by interacting with opioidergic, NO-cGMP, serotoninergic, muscarinic cholinergic, adenosinergic, and adrenergic systems while morphine inhibited pain in this model by interacting with opioidergic-ATP-sensitive K^+^ channels-NO-cGMP system.\[[@ref11]\] It is worth noting, however, that the synergism between XA and morphine was lower in the inflammatory phase than a neurogenic phase. One of the possible reasons may be that the greater number of common pathways may have been shared by XA and morphine in the inhibition of inflammatory pain than neurogenic pain. Again, the combination may have activated more different pathways in the first than the second phase. The exact mechanism(s) of the combination needs to be elucidated in further studies. Nonetheless, this study has revealed that lower doses of morphine and XA can be used to achieve the greater analgesic effect while minimizing their side effects.

XA and diclofenac combination also produced synergism in the acetic acid-induced visceral pain model, and this is in agreement with the results obtained from the inflammatory phase of the formalin test. Pain produced in this model was due to peripheral and central sensitization of nociceptors by inflammatory pain mediators. Diclofenac, an example of an NSAID is known to block pain through the inhibition of prostaglandin biosynthesis, modulations of endogenous opioids, serotoninergic and noradrenergic mechanisms, and the inhibition of NO/cGMP pathway.\[[@ref26][@ref27]\] The inhibition of pain in the acetic acid-induced writhing test was higher than that seen in the second phase of formalin test although both share similar pathophysiology. This may be due to the aptitude of diclofenac/XA combination to inhibit production of inflammatory pain mediators as well as inhibiting the neuronal sensitizing effect of prostaglandin (if any is still produced), providing an efficient and systematic pain inhibition compared to morphine/XA combination.

XA has a low toxicity profile and fractional analysis has revealed that use of lower doses of XA with morphine or diclofenac produced synergistic antinociceptive effects. This makes the combinations useful agents compared to the use of the drugs individually for the treatment of both neurogenic and inflammatory pain conditions.

Conclusion {#sec1-5}
==========

XA and morphine combination exhibited marked potentiation after isobolographic analysis of the combination in neurogenic and inflammatory phases of the formalin test. The degree of potentiation calculated as the interaction index revealed synergism in both phases of the formalin test. Similarly, XA and diclofenac combination also exhibited marked potentiation after isobolographic analysis of the combination in the acetic acid-induced writhing test. The degree of potentiation calculated as the interaction index revealed synergism of the combination in acetic acid-induced writhing test.
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